For future human missions to Mars, it is important to study the surface radiation environment during extreme and elevated conditions. In the long term, it is mainly Galactic Cosmic Rays (GCRs) modulated by solar activity that contributes to the radiation on the surface of Mars, but intense solar energetic particle (SEP) events may induce acute health effects. Such events may enhance the radiation level significantly and should be detected as immediately as possible to prevent severe damage to humans and equipment. However, the energetic particle environment on the Martian surface is significantly different from that in deep space due to the influence of the Martian atmosphere. Depending on the intensity and shape of the original solar particle spectra as well as particle types, the surface spectra may induce entirely different radiation effects. In order to give immediate and accurate alerts while avoiding unnecessary ones, it is important to model and well understand the atmospheric effect on the incoming SEPs including both protons and helium ions. In this paper, we have developed a generalized approach to quickly model the surface response of any given incoming proton/helium ion spectra and have applied it to a set of historical large solar events thus providing insights into the possible variety of surface radiation environments that may be induced during SEP events. Based on the statistical study of more than 30 significant solar events, we have obtained an empirical model for estimating the surface dose rate directly from the intensities of a power-law SEP spectra.
Introduction and Motivation
In order to plan future human missions to Mars, the assessment of the radiation environment on and near the surface of Mars is necessary and fundamental for the safety of astronauts. There are two types of primary particles reaching the top of the atmosphere of Mars: galactic cosmic rays (GCRs) and solar energetic particles (SEPs). GCRs, mainly composed of protons and helium ions, are modulated by heliospheric magnetic fields which evolve dynamically as solar activity varies in time and space, with a well-known 11-year cycle (e.g., Parker 1958) . SEP events, consisting mainly of protons, are sporadic and highly variable in terms of their intensities and energy spectra. They take place much more frequently during solar maximum periods and they may enhance the radiation level significantly, and therefore should be detected as quickly as possible to minimize risks to humans and equipment on the Martian surface.
However, SEP measurements at Mars are very scarce and within a limited energy range. The radiation assessment detector (RAD) onboard the Mars Science Laboratory (landed on Mars in Aug 2012) has measured only 6 moderate events in the course of 5 years during the declining phase of the past solar maximum (Hassler et al. 2014) . The SEP instrument onboard the Mars Atmosphere and Volatile EvolutionN (MAVEN/SEP, Larson et al. 2015) spacecraft orbiting Mars since October 2014 only directly measures protons with energies ≤ 6 MeV which do not contribute to the surface radiation enhancement as will be shown in this study. At near-Earth environment, SEPs are measured much more frequently by particle detectors on various spacecraft such as the Solar and Heliospheric Observatory (SOHO), the Advanced Composition Explorer (ACE), the Geostationary Operational Environmental Satellite (GOES) and so on. To derive the particle spectra at Mars location from these measurements is however very challenging. This is because the propagation of coronal mass ejections (CMEs) and the associated shocks (which are believed to be a major accelerator for such highly-energetic particles) through the heliosphere may result in totally different particle spectral intensities and shapes at Mars compared to Earth (Li et al. 2003) . Besides, the observed SEP spectra and intensity also depend on different magnetic connections of the planets/spacecraft to the acceleration locations. The current paper will not address the above issues when considering the SEP induced radiation environment on the surface of Mars. Alternatively we focus on how the primary energy spectra are influenced and modified by the Martian atmosphere considering the presence of some SEP events at Mars which have been observed at near-Earth locations.
The energetic particle environment on the Martian surface is different from that in deep space due to the presence of the Martian atmosphere. Much work has been done for calculating the surface exposure rates under different GCR and SEP scenarios. Several models combining particle transport codes with different GCR and/or SEP spectra have been developed and applied for estimating the radiation exposure on the surface of Mars (e.g., Keating et al. 2005; De Angelis et al. 2006; McKenna-Lawlor et al. 2012; Ehresmann et al. 2011) . Saganti et al. (2004) have mapped the radiation exposure on the Mars surface from GCRs. Simonsen et al. (1990) and Simonsen & Nealy (1992) calculated the surface dose exposures from both GCRs during solar minimum and maximum conditions as well as some significant SEP events. Townsend et al. (2011) considered the transport of possible Carrington-type solar energetic particle events through the Martian atmosphere and also through various hemispherical configurations of aluminum shielding to estimate the resulting organ doses and effective doses of such extreme events. Norman et al. (2014) have investigated the influence of dust loading on atmospheric ionizing radiation during solar quiet and SEP events. Dartnell et al. (2007) have also estimated the effect of surface radiation on the likelihood of survival of microbial life in the Martian soil.
Depending on the intensity and shape of the original solar particle spectra as well as the distribution of particle types, different SEP events may induce entirely different radiation effects on the surface. This is because primary particles passing through the Martian atmosphere may undergo inelastic interactions with the ambient atomic nuclei creating secondary particles (via spallation and fragmentation processes), which may also interact while propagating further and finally result in very complex spectra including both primaries and secondaries at the surface of Mars (e.g., Saganti et al. 2002; Guo et al. 2015a ). Primary particles with small energies do not have sufficient range to reach the ground, but the exact energy cutoff is a strong function of elevation on Mars. Therefore, an intense SEP spectra with moderate high-energy component could be well within biological tolerance seen on the surface of Mars, particularly in low-lying places such as Gale Crater, Hellas Planitia, Valles Marineris, etc., where atmospheric shielding is substantially greater than the global average.
In order to give immediate and precise alerts while avoiding unnecessary ones, it is important to model and well understand the atmospheric effect on the incoming SEPs and how this effect depends on the properties of the incoming SEP. There are various particle transport codes such as HZETRN Wilson et al. 2016) , PHITS (Sato et al. 2013 ) and GEANT4/PLANETOCOSMICS (Desorgher et al. 2006 ) which can be employed for studying the particle spectra and radiation through the Martian atmosphere. Gronoff et al. (2015) have applied both PLANETOCOSMICS and HZETRN to calculate the GCR radiation environment on the surface of Mars and found highly consistent results from both simulations. In this paper we use the PLANETOCOSMICS transport code and develop a generalized approach to quickly model the surface response of any given incoming proton spectrum under different atmospheric depths. We have further applied the method to a set of significant solar events which took place in the last several decades, thus providing insights into the possible variety of surface particle spectra and induced radiation environment during SEP events which are not only worst-case scenarios but also less extreme and frequent ones. Moreover, we have obtained an empirical model for estimating the SEP-induced surface dose rate directly from the intensities of a power-law shaped SEP event. . X-axis and Y-axis stand for the input and output energies [MeV] respectively. The vertical line in (a) marks the 150 MeV input proton energy. The producing probabilities are represented by colors using a logarithmic color distribution. Each column in this plot is equivalent to a normalized output spectrum obtained by PLANETOCOSMICS using protons of the corresponding input energy.
PLANETOCOSMICS is a simulation tool (Version g4.10 has been used herein) developed in (a) order to simulate particles going through planetary atmospheres and magnetic fields (Desorgher et al. 2006) . It is based on GEANT4, a Monte Carlo approach for simulating the interactions of particles as they traverse matter (Agostinelli et al. 2003) . Different settings and features, e.g. the composition and depth of the atmosphere and the soil, can be used in the simulations. Employing PLANETOCOSMICS to model of the radiation environment on the surface of Mars has been carried out in various studies (e.g., Dartnell et al. 2007; Gronoff et al. 2015; Matthiä et al. 2016; Ehresmann et al. 2011) and has been validated when compared to spectra of the proton, helium ion and heavier ion spectra on the surface of Mars (Matthiä et al. 2016 ) measured by the radiation assessment detector (RAD) onboard the Mars Science Laboratory (MSL).
In order to provide a more realistic atmospheric environment for the simulations, we use the Mars Climate Database (MCD) which has been created using different Martian atmospheric circulation models which are further compared and modified by the observation results from past and current Mars missions (Lewis et al. 1999) . It offers the possibility to access atmospheric properties, such as temperature, pressure and composition, for different altitudes, seasons and even the time of the day on Mars. We use the composition, density and temperature profiles from MCD between altitudes of 250 and 0 km above the ground in steps of 100 m. A web interface of the MCD can be found here http://www-mars.lmd.jussieu.fr and used to assess the global map, daily and seasonal variation as well as the vertical profiles of the Martian atmosphere. In our simulations, we implement the MCD atmosphere properties at the location of Gale Crater (latitude: -4.6 and longitude 250) which is the landing site of the Curiosity rover (Grotzinger et al. 2012) .
A full PLANETOCOSMICS simulation can be highly time-consuming and in principle needs to be run for each different input spectra. To reduce the computational burden, we developed an alternative approach which we refer to as the PLANETOMATRIX method, which folds the complicated nuclear interaction process into a two-dimensional matrixĀ(E 0 , E) where E 0 is the energy of a particle above the Martian atmosphere and E is the particle energy on the Martian surface. It is constructed in the following way: First, a primary particle spectrum f m in the range of a single energy bin E 0m (e.g. from 200 MeV to 210 MeV) is fed into the PLANETOCOSMICS code to generate the surface spectrum which is different from the original due to the production of secondaries. This surface spectrum can be described by a histogram with N bins and the flux in each bin n is a mn (normalized to the input flux f m ). Second, this process is repeated M times for M different input energy bins (covering 1 to 10 6 MeV of primary particle energy) and the resulting scaled fluxes in each (m, n) bin are a mn . Thus, under a given atmospheric composition and column depth σ setup, the matrixĀ(E 0 , E) (with a shape of M × N) can be constructed by running M simulations of PLANETOCOSMICS. Finally with an input spectrum f (E 0 ) at the top of the atmosphere, the surface spectrum can be calculated as
Different physics lists describing inelastic hadronic (nucleon or nuclear) interactions and electromagnetic interactions in PLANETOCOSIMICS have been tested extensively and compared with MSL/RAD measurement (Matthiä et al. 2016 , Table 2 ) . It was found that the selection of different physical model lists in GEANT4 in most cases (especially for low-Z particles) does not affect the resulting radiation exposure significantly with a maximum difference of 20% in the dose equivalent rate. The simulation setup used here has employed the "emstandard opt4" model for electromagnetic interactions and the Binary intranuclear cascade model "QGSP BIC HP" to calculate cross section for ∼ GeV nucleons (Ivanchenko 2004) . The cut-in-range for electrons, positrons and gammas are set to be 0.5 g/cm 2 below which they are not tracked any longer. The minimum tracking energies for electrons and protons are 1 MeV and for neutrons and gammas are 1 keV and 100 keV respectively. A comparison with the results for lower energy cuts in Gronoff et al. (2012) demonstrated that the resulting dose is hardly affected by this approximation. Our PLANETOMATRIX folds in the process of primary interactions with the Martian atmosphere and regolith and generations of secondaries therein and describes how a given input spectrum is modified to produce output spectra of different secondaries through this process. It is a statistical description, i.e., both f (with M bins) and F (with N bins) are energy-dependent distribution histograms and each element in the matrixĀ(E 0 , E) represents the probability of a primary particle with energy E 0 resulting in a particle on the surface with energy E.
Although the construction of each matrix is time-consuming, the multiplication of different input spectra with such a matrix to generate different surface spectra is very much simplified. Furthermore, with measurements of surface spectra F(E) by, e.g, MSL/RAD, an inversion technique can, in principle, be applied to the matrices in order to recover f (E 0 ) at the top of the atmosphere similar to the technique described in (e.g., Böhm et al. 2007) . This is however a very challenging task due to both the ill-posed nature of the matrix inversion and the limited energy range of the measurement. (Development of a robust inversion method is in progress but not yet complete.)
To study the evolution of the particle spectra while propagating through the atmosphere, we construct different matricesĀ σ under different atmospheric column depths σ from 1 g/cm 2 thickness down to the surface where the column density is about 22.5 g/cm 2 corresponding to pressures of 830 Pascals in a hydrostatic equilibrium state 1 . In addition to SEP protons, which typically dominate, we have also considered primary 4 He ions as input. The dominant secondary particle types (types j) include protons, 4 He and 3 He ions, deuterons, tritons, neutrons, gammas, electrons and positrons. For each primary and a given secondary type, we generate a matrixĀ σ ij . Furthermore, the particle flux reaching the surface may also produce backscattered particles, i.e., so-called albedo particles. These are produced by nuclear interactions in the regolith. Backscattered neutrons have been observed from orbit missions (e.g., Boynton et al. 2004) and in situ by the DAN instrument aboard Curiosity in its "passive" mode (Jun et al. 2013) . Since the energy spectra of upwardand downward-traveling particles are dissimilar, we have separately constructed the upward and downward directed matrices for each primary-secondary case asĀ σ−up ij andĀ σ−dn ij respectively. Therefore the total downward or upward spectra of particle type j generated by different primary particle types at the depth of σ are:
Panels (a) and (b) of Figure 1 show the matrices of primary protons generating secondary downward and upward protons respectively. The atmospheric depth in this case is about 20 g/cm 2 (slightly above the surface). Primary protons with energies less than about 150 MeV, indicated by a vertical line in (a), lack the range to reach the surface; secondary particles with up to 150 MeV energy are from primaries with higher energies. A similar cutoff energy for protons has also been found by Gronoff et al. (2015) . In most solar events, protons are a large majority of the primary particles reaching the top of the Martian atmosphere. In some SEP events, significant numbers of helium ions are acceler-ated, and (energy-dependent) 4 He/ 1 H flux ratios from a few percent up to 10% have been observed (Bertsch et al. 1972; Benck et al. 2016) . A ratio as large as 10% may be considered a reasonable upper limit for the ratio of time-and energy-integrated fluxes (Torsti et al. 1995) . Fig. 2 shows primary Helium ions induced secondary (a) 4 He and (b) protons near the surface of Mars at a depth of 21 g/cm 2 . Since 4 He ions obey the same range-energy relationship as protons, the 4 He-4 He matrix, like the 1 H matrix, shows a cutoff energy for incoming particles at about 150 MeV/nuc. The diagonal line shows the primaries which reach this depth without losing energy in the atmosphere. Very few high energy 4 He secondaries (larger than 2 GeV/nuc) have been generated in the atmosphere. However, many secondary protons are generated by primary 4 He particles as shown in (b).
Based on the matrices of primary proton and 4 He induced secondaries, we have modeled the surface spectra and radiation environment induced by primary GCRs and SEPs. We have ignored heavier primary ions since they contribute only ∼ 1% of the GCR flux (Simpson 1983) and even less of the SEPs. It is however important to note that high-Z particles may interact with the atmosphere and generate secondaries which still contribute to the surface radiation exposure (Dartnell et al. 2007; Matthiä et al. 2016) . To construct all matrices for high-Z particles paired with each type of secondaries is highly computational and is beyond the scope of the current work. As we are more interested in the application of the PLANETOMATRIX approach to modeling SEPs, we consider the construction of matrices based on primary protons and 4 He ions to be sufficient.
Radiation dose rates
Radiation dose rate is a key quantity used to evaluate the energetic particle environment. Both charged and neutral particles deposit energy while going through target materials such as skin, bones and internal organs. Dose is defined as the energy deposited by radiation per unit mass, integrated over time, with a unit of J/kg (or Gy). The dose rate in space is often expressed in units of µGy/day. Dose rate is one of the essential factors to be considered for future crewed missions to deep space and to Mars. It is therefore very important to measure and model the GCR-and SEP-induced dose rate in the interplanetary (IP) space and on the surface of Mars.
For any given particle spectrum, the radiation dose rate can be calculated by the following logic (e.g., Guo et al. 2015a ):
where j is the particle type, F j (E) (in the unit of counts/MeV/sec/cm 2 /sr) is the particle spectrum, m (kg) is the mass of the material (biological bodies or detectors) and is the energy deposited by the particle in the material which cannot exceed the total particle energy E. The minimum and maximum energies of particles inducing dose are bounded by the energy range used in the PLANETOMATRIX which are 1 and 10 6 MeV respectively.
This energy transfer process, included as a yield factor, λ j (E, ), can be accurately estimated using either the Bethe-Bloch equation (Bethe 1932 ) (for charged particle ionization energy loss in an infinite volume) or with more sophisticated Monte Carlo models such as GEANT4 (Matthiä et al. 2016 ) accounting for the probability distribution of in finite volumes as used in this study. Finally D is the corresponding dose rate integrated over the entire collecting volume and all the detected particle species, per unit time, with units of MeV/kg/sec (sometimes expressed as µGy/day).
The dose rate on the surface of Mars is -apart from a negligible natural background -mainly determined by the GCR fluxes of both primaries and secondaries during solar quiet times and it may be enhanced significantly during SEP events. As the interactions of particles through the atmosphere depend on the particle type, energy, and the depth of the atmosphere, we model SEPinduced spectra with a variety of spectra and a range of elevations on Mars. The resulting induced dose rates can be compared with radiation dose during solar quiet times.
Interplanetary GCR and the induced spectra on the surface of Mars
The GCRs are modulated by solar activity: during solar maximum the increased solar and heliospheric magnetic fields are relatively efficient at preventing lower-energy GCRs from entering the inner heliosphere (e.g., Heber et al. 2007; Wibberenz et al. 2002) compared to solar minimum when the interplanetary magnetic field strength is reduced (Goelzer et al. 2013; Smith et al. 2013; Connick et al. 2011) . That is, the GCR flux is most intense during solar minimum (e.g., Mewaldt et al. 2010; Schwadron et al. 2012) .
In order to compare the SEP spectra and induced dose rates with those during solar quiet periods, we have employed the 2010 version of the Badwahr-O'Neill model (BON10, O'Neill 2010) to estimate GCR proton and 4 He spectra under different modulation potentials, Φ. The corresponding secondary spectra on the surface of Mars are obtained following Eq. 1. Fig.3 shows the GCR proton flux between extreme modulation conditions in a gray area. The lower-energy end of the spectra spans nearly two orders of magnitude as the modulation potential varies from 1500 MV (solar maximum) to 400 MV (solar minimum). The long-term solar modulation of 4 He ions is also shown in -Proton spectra of the Oct89 (blue) and Sep89 (orange) events. The gray area marks the interplanetary GCR proton spectra range when solar modulation potential varies between 400 and 1500 MV. Parts of the SEP event spectra (100-800 MeV range) are fitted with a power-law with the fit parameters shown as legends. The 100-800 MeV range marked by a red highlighted area is used as the energy range for the primary spectra in our case (a) study while the 15-1000 MeV range (gray area) of the spectra represents the energy range for case (b) study. The case studies are shown in Table 1 and discussed after Section 6.
µGy/day at Φ = 400 MV. The GCR-induced surface downward proton has a dose rate value from 18.7 to 83.6 µGy/day during solar quiet periods.
The figure also shows that the surface GCR spectra and dose rates are much less affected by modulation than they are in interplanetary space. This is because the Martian atmosphere filters out lower-energy primary particles which are most affected by solar modulation. This effect has been supported by measurements on the surface of Mars compared to those in deep space, and the correlation between dose rate and solar modulation potential is (as expected) found to be smaller on the surface than in a spacecraft in deep space (Guo et al. 2015b,a) .
1989 Autumn events on the surface of Mars
To simulate the large variability and effects of extreme SEP events, two historic SEP events with different spectral shape, spectral hardness, and integral proton fluence were chosen. The October 22nd 1989 (Oct89) event spectrum has been reconstructed using a Weibull distribution following Xapsos et al. (2000) as shown Figs. 3 and 4. For the September 1989 (Sep89) event spectrum, we use that derived by Duldig (1998) from ground level Earth neutron monitors with different rigidity cutoffs; the spectrum is shown in Figs. 3 and 5. Spectra of both events has been constructed upto 10 GeV and they have shown a sharp declining shape above ∼ GeV with a flux rate smaller than the ambient GCR proton spectra as shown in Fig. 3 and therefore we consider the contribution by SEPs with energies above ∼ 10 GeV to the enhancement of surface dose rate in comparison to solar quiet time to be insignificant. In fact our calculations and comparisons considering different parts of the primary spectra and the induced exposure have demonstrated that primary protons above 1 GeV contribute to less than ∼ 4 percent of the surface dose rate (shown in Table 1 with more discussions later). In order to compare the properties of these events with power-law fitted spectra in the next section, we have also used single power-law fits to these spectra and the resulting fit parameters are shown in Fig. 3 . Fig. 4 shows the energetic particle spectra and dose rates induced by the primary proton flux associated with the Oct89 event for various atmospheric depths on Mars. Left (right) panels show downward (upward) spectra of protons (top) and neutrons (bottom). The primary SEP spectra are marked by black dashed lines in each panel, and the induced secondary particle spectra are obtained by multiplying the primary SEP spectra with the corresponding PLANETOMATRIXĀ σ ij at different depths σ. For instance, Fig. 4 (a) and (b) show respectively the downward and upward proton spectra at σ of 2, 4, 6, 8, 10, 12, 14, 16, 18 and 20 g/cm 2 in color-dotted lines. The surface spectra predicted at Gale Crater (the MSL landing site, with average atmospheric column depth of 22.5 g/cm 2 ) are plotted in thick red dashed lines. The proton fluxes, both upward and downward, decrease as the depth increases, particularly at lower energy. This is because the atmosphere stops a large share of the incoming protons; secondary production repopulates this part of the spectrum, but at levels far below the incident flux.
Oct89 event
Using our modeled spectra at different depths of the atmosphere as well as on the surface of Mars (red dashed lines), we have also derived the corresponding upward or downward dose rate over a geometric angle of 2π. This is the appropriate normalization since the spectra are averaged over only half the hemispheric angle. The dose rate values for each spectra at different depths are recorded in the legends on the right side of each panel. For instance, the surface downward proton dose rate of the Oct89 event spectrum is 2.98 ×10 3 µGy/day, which is ∼ 10 2 times larger than the downward proton dose rate during quiet time (19.1-85.2 µGy/day) shown as magenta region in the figure. The surface upward proton dose rate is 110 µGy/day for the event, considerably larger than the 5.2-15.2 µGy/day predicted during quiet time.
To calculate the unshielded deep space dose rate, we integrate over 4π steradians, implicitly assuming isotropic fluxes for both GCRs and SEPs. The total dose rate induced by primary GCR protons in interplanetary space ranges between 25.6 -171.7 µGy/day for Φ between 1500 and 400 MV and the GCR spectra are shown in gray areas in the figure. The total dose rate induced by the Oct89 SEPs in deep space over a 4π geometric angle is estimated to be about 3.30 ×10 6 µGy/day, also shown in Table 1 , which is more than 10 4 times higher than solar quiet time. This enhancement ratio during the event compared to quiet time in deep space (∼ 10 4 ) is much larger than that on the surface (∼ 10 2 ). This is mainly because the atmosphere stops most of the SEPs, especially the low-energy ones, which contribute greatly to the unshielded deep space dose but little to the surface dose. Fig. 4(c) and (d) also show the proton induced secondary downward and upward neutrons respectively. The proton flux decreases as atmospheric depth increases while most other secondary (e.g., downward electrons and neutrons) fluxes increase as the column depth increases since their fluxes build up as the SEPs penetrate into the atmosphere. The upward neutron flux is mostly produced by protons going upward though the atmosphere, and as a result it follows the opposite trend: at points deeper atmosphere, the intensity is slightly smaller. For all SEP secondaries, the spectral shapes differ from GCR-induced secondary spectra in that they have fewer highly energetic particles above a few GeV.
Sep89 event
The Sep89 event has a quasi-power-law spectra at energies up to about 1 GeV and has been well-represented by a single power-law spectral shape between 100 and 800 MeV as shown in Figs. 3 and 5. Its spectral shape is slightly different from that for the Oct89 event with its high energy component (≥ 1 GeV) very soft with a sharper drop-off. Because of the high intensity, the Sep89 event produces significant enhancements on the Martian surface for all different types of secondaries including those which are generated with much lower probabilities such as 4 He ions, tritons and deuterons as shown in Fig.5 . A summary table of the total dose rates (both upward and downward directions for the Oct89 and Sep89 events) from interplanetary deep space through the atmosphere down to the surface are shown in Table 1 . During the Oct89 event, the total surface dose rate including both downward and upward secondaries is about 3.30 ×10 3 µGy/day, only about 0.1 % times compared to the SEP dose rate in unshielded deep space. For the Sep89 event, this ratio is even smaller, due to the effect shielding of the Martian atmosphere against low-energy primaries which contribute largely to the deep space dose rate.
We have tried to compare our results of the surface dose rate to those from Gronoff et al. (2015) for the these two events. They have obtained the surface dose rates of 9.4×10 3 and 6.5 4 µGy/day for Oct89 and Sep89 events respectively. These values are approximately 3 times of what we obtained here. Careful investigation has revealed that they have used the input SEP spectra 4 times of those provided in the parameters and equations (Norman et al. 2014; Lovell et al. 1998 ) resulting in a higher surface dose rates compared to ours. Their particle transport model is however still valid as (a) they have reached similar results between two different models (HZETRN and PLANETOCOSMICS) and (b) we have derived similar dose rates when using the SEP input sepctra they used. Furthermore, the choice of different low-cutoff energies for calculating dose may result in different results since the linear energy transfer dE/dx function which goes as ∼ 1/v 2 (v is the proton velocity) gives very large values for low-energy particles. The influence of this cutoff energy is more significant for SEP spectra in deep space where low-energy particles are much more abundant and thus it should always be clearly notified in dose rate calculations. A cutoff energy of 1 MeV has been used throughout this study (also see Section 3) and this is actually rather low as protons with energies smaller than e.g., ∼ 5 MeV would hardly penetrate through a 0.5 mm water slab.
Twenty years of significant events modeled on the surface of Mars
Kühl et al. (2017) have studied a set of SEP events with the Electron Proton Helium Instrument (EPHIN) instrument onboard SOHO based on a newly developed optimization technique that exploits the response function of the penetrating protons through the detector sets and thus extends the usable energy range of the instrument from 5 to 50 MeV up to above 800 MeV (Kühl et al. 2015) . The studied SEP events are between December 1995 and December 2015 with protons accelerated to energies greater than 500 MeV. A total of 42 events has been found, including all GLEs during the SOHO age, excluding one GLE during which EPHIN had a data gap. Due to the long lifetime of the instrument, its highly efficient operation during the mission, and the fact that observations spanned different phases of the solar cycle, the total number of events is likely typical for a 20 year time period. Supporting this supposition, we note that the range of monthlyaverage sunspot number during this period is in line with historical records during different solar activity levels. For 33 of the events, the onset time is based on an energy channel covering from 100 MeV to 1 GeV; and proton spectra from 100 MeV up to 800 MeV were derived in a two-hour interval starting 30 minutes after this onset for each event. Thus the spectra may not represent the maximum intensity in every single energy bin individually, but more likely in the very-highenergy channel which is most important for the surface radiation environment (due to the Martian atmospheric shielding). A single power law function was applied to fit each spectrum according to:
where the SEP proton energy E 0 is in MeV, flux f (E 0 ) and I 0 are in particles/sec/cm 2 /sr/MeV and I 0 is the scaled intensity at 0 MeV. The fitted power-law spectra for all events used in this study is shown in Fig. 6 . Section 5 focused on individual historical events and the modeling of each SEP spectra in a wide energy range from 1 up to 10 4 MeV. Here, we obtain an empirical correlation between deep Results of three different case studies are shown here: (f) full primary proton spectra with protons larger than 1 MeV used as the input spectra through the PLANETOMATRIX approach, (a) only primary protons from 100 to 800 MeV and (b) primary protons from 15 to 1000 MeV. The 'ratio' row shows the ratio of the surface dose rate to the deep space dose rate. For instance, (fs)/(fd) ratio is the full-spectra induced surface dose rate divided by the full-spectra induced deep space dose rate; (as)/(fs) ratio is the case (a) surface dose rate divided by the full-spectra surface dose rate. Fig. 6.-The fitted power-law spectra of significant SEPs detected by SOHO/EPHIN in 20 years. Different events are colored differently and the number of each spectra corresponds to the event number used in Kühl et al. (2017) . The 100-800 MeV range marked by a red highlighted area and in thick lines is used as the energy range for the primary spectra in our case (a) study while the 15-1000 MeV range (gray area) including thinner lines of the spectra represents the energy range for case (b) study. space and Martian surface dose rates with the general properties of the SEP spectra as represented by I 0 and the power-law index γ. Based on the fitted power-law parameters of the 33 events by Kühl et al. (2017) , we use PLANETOMATRIX to forward-model the power-law fitted SEP spectra f (E 0 ), shown in Fig. 6 , through the Martian atmosphere, and obtain the induced surface secondary spectra F i (E) of different particle species.
For each SEP event, the deep space and Martian-surface dose rates have been calculated following Eq. 2 for two ranges of the primary SEP spectra: (a) the primary proton energy range of 100-800 MeV and (b) an extended energy range of 15-1000 MeV for the primary protons. The energy ranges of the two cases are also shown in highlighted areas in Fig. 6 . The two-range study is motivated by these considerations: case (a) is the trustworthy energy range for each single power-law fit spectrum (Kühl et al. 2017) , while case (b) extrapolates the spectra to a wider energy range, which may yield more reliable estimates of the interplanetary dose rates contributed by events with complete energy spectra. To avoid over-estimation of the total dose rate, we did not extrapolate the spectra to a much wider energy range since the power-law shape generally flattens out at low energies around 10-30 MeV depending on individual events (Band et al. 1993 ) and drops off quickly at high energies ≥ 1000 MeV as also shown in Fig. 3 for the Sep89 and Oct89 events. The low-energy end of 15 MeV in case (b) has also been chosen following Wilson et al. (2006) which suggested little dose contribution from protons below ∼20 MeV for astronauts wearing a space suit during Extra-Vehicular Activities (EVA). The interplanetary-space dose rates could therefore be considered to represent an exposure scenario in which an astronaut is doing extravehicular activities when an SEP event occurs. In both cases (a) and (b), we expect the induced Martian surface dose rates to have similar values, since the atmosphere stops low energy protons (energies ≤ 140 to ∼ 160 MeV depending on elevation). We also note that although protons with energies lower than this cutoff cannot reach the surface, their secondaries, especially electrons and neutrons produced in the atmosphere, can travel downward and contribute to the surface dose rates. It is clear from panels (a) and (c) that both the deep-space and Martian surface dose rates correlate very well with I 0 and the fitted logarithmic linear function is plotted in dashed lines and shown as legends in the plots. We found the best correlation (R 2 ≥ 1) between the Martian surface dose rates and the intensity I 0 at 300 MeV. However no clear correlation is found between dose rate and the power-law index γ. This is probably because the intensities of different SEPs studied here vary over more than 3 orders of magnitudes while the power-law index (ranging from -1.5 to -4) plays a minor role in determining the overall intensity of the event as shown in Fig. 6 . curve. The plots and fitted parameters indicate that with an SEP power-law spectra of 15-1000 MeV, the expected proton dose rate in deep space is about 3 orders of magnitudes larger than that from 100-800 MeV protons only.
The dose rate on the Martian surface in case (b) continues to correlate well with I 0 at 300 MeV and the fitted parameter (y=1.02×10 5 x) are within 5% difference compared to that in case (a) shown in Fig. 7 (c) (y=9.72×10 4 x). The high similarity of surface dose rates calculated in case (a) and case (b) means that the surface radiation environment from SEPs depends mostly on primary protons in the energy range of 100-800 MeV since the lower energy protons (≤ 100 MeV) barely contribute to the surface dose, while the higher energy part contributes little in a power-law distribution. The correlation between the surface dose rate and the integrated flux of the 15-1000 MeV SEP spectra in panel (b) is worse in comparison to that shown in Fig. 7(d) for the same reason: a large share of the 15-1000 MeV protons makes a negligible contribution to the surface radiation environment. But we note that the deep space dose rate from protons in the range of 15 to 1000 MeV correlates rather well with the integrated flux of the spectra in this range.
To validate the correlation derived from power-law SEPs, we compare these results with that from the historical events presented in Section 5. To do so, we fitted the Oct89 and Sep89 events with power-law spectra in the energy range of 100-800 MeV, using the fitted I 0 and γ shown in Fig.3 . We have re-calculated the deep space and surface dose rates of these two events in the primary energy range of (a) 100-800 MeV and (b) 15-1000 MeV and plotted them versus the corresponding I 0 at 200 and 300 MeV. We note that the calculation was performed using the event spectra within this range, not the power-law fitted spectra in order to verify the robustness of the power-law assumption. These results are also shown in Figs. 7 and 8 with squares indicating the Oct89 event and diamonds standing for the Sep89 event. Both events are highly consistent with the events observed by EPHIN, showing the quasi-linear correlation of dose rate and I 0 validating the correlations derived above. The values of dose rates calculated from these events in cases (a) and (b) are also shown in Table 1 . It is important to note that when comparing the surface dose rate induced by (a) 100-800 MeV protons and (b) 15-1000 MeV ones to that from the full SEP spectra (f), the difference is fairly small. For both Oct89 and Sep89 events, the surface dose rate from case (a) is about 93% of that from (f); the surface dose rate from case (b) is about 96% of that from (f). This again proves that the surface dose rate depends mostly on primary protons in the energy range of 100-800 MeV.
The empirical correlation shown in Figs. 7 (a) and 8 (a) can be used for quick estimations of the expected dose rates both in deep space and on the surface of Mars upon the onset of a sudden solar particle event whose spectra has roughly a power-law distribution in the concerned energy range.
The potential extra contribution by 4 He ions
Although protons are the large majority of the primary particles reaching the top of the Martian atmosphere, energetic helium ions can also propagate into deep space and a flux ratio of He/p to be about 10% has been estimated to be a reasonable worst-case scenario based on SOHO/ERNE measurements (Torsti et al. 1995) . Based on this assumption, we have also scaled the EPHIN proton power-law fitted spectra to 1 order of magnitude smaller representing the 4 He spectra which is then used to (1) calculate the deep space induced dose rates and (2) multiply the matrices for deriving surface spectra and dose rate from all secondaries induced by these primary He particles. This may be an unrealistic assumption since the charge-to-mass ratio of 4 He ions makes them more difficult to accelerate than 1 H. They will therefore tend to have softer energy spectra than protons accelerated by the same mechanism, so a simple scaling of the proton flux is likely to overestimate the contributions of 4 He.
A summary figure similar to Figs. 7 and 8 is shown in Fig. 9 ; the fitted parameters are again labeled. To give a direct comparison of the fitted parameters, we plotted and fitted the 4 He-induced dose rate to the same I 0 of the proton spectra before scaled to 4 He. Fig. 9 (a) can be compared with Fig. 7(d) while Fig. 9 (b) can be compared with Fig. 8(a) . For unshielded deep space, the protoninduced dose rate is about 2.5 times larger than He-induced dose rate in both cases (a) and (b) as shown in by the fitted parameters labeled in black. This is exactly a trivial result: scaling down the proton spectrum by a factor of 10 is partially compensated by the factor of 4 higher dE/dx of a 4 He ion at the same velocity (Z 2 scaling) yields a factor of 2.5 in the ratio of doses. The Martian surface case is more complicated owing to the different transport properties of 1 H and 4 He. The primary solar proton and helium induced surface dose ratio is about 2.6 for both cases, slightly larger than, but still close to, 2.5. This is because a fraction of the helium ions will undergo nuclear fragmentation in the atmosphere, reducing their contribution to the surface dose. As noted above, simply scaling the proton spectrum to the 4 He spectrum may lead to an over-estimation of the 4 He contributions. Precise measurements of He spectra by, e.g., PAMELA (Picozza et al. 2007 ) are needed for better estimations of the He induced dose rates.
Discussion and Conclusion
In terms of biological effectiveness associated with radiation exposures on human beings, the dose equivalent (in units of Sv) is often more referred to for evaluating the deep space exploration risks (Sievert & Failla 1959) . It can be computed using the linear energy transfer (LET) dependent quality factor, Q(L), from ICRP (1991). For LET less than 10 keV/µm in water, Q is identically 1; this value applies to the large majority of SEP protons, so the dose rates reported here are in most cases close to the corresponding dose equivalent rates. As noted earlier, particles with very low energies may contribute significantly to dose and dose equivalent rates. In order to make a realistic and meaningful estimation of the biological effects, we calculated the dose equivalent rate with a low energy cutoff requiring only particles which could penetrate through 0.5 mm of tissue (e.g., protons ≥ 5 MeV) which is the thinnest skin of a human body (eyelids).
We integrated such calculated dose equivalent rate for two hours for each event since the EPHIN event spectra was calculated in two-hour intervals shortly after the event onset (see Section 6). Fig. 10 (lower-left panel) shows the dose equivalent for deep space case (y-axis, from primary protons of 100-800 MeV energy range) versus dose equivalent on surface of Mars (x-axis, all secondaries induced by primary protons of 100-800 MeV energy range). The black dots represent the dose equivalent from all EPHIN events and the correlation coefficient between the deep space and surface dose equivalents is 0.98 and they depend on each other roughly following a simple linear relationship which indicates the dose equivalent rate of such events on the surface is generally 8-9 times smaller than that (from 100-800 MeV protons) in deep space. A similar fitting for case (b) where 15-1000 MeV primary protons were considered shows that the deep space dose equivalent rate is about 90 times larger than that on the Martian surface. We have omitted the contributions by 4 He ions here, since the intensity and spectra we modeled above are speculative; in a worst-case scenario, we might expect an additional 40% contribution from these ions.
To assess the differences between dose equivalents induced by the full spectra and the energylimited power-law spectra, we adopted the two historical events and compared the modeled results between full spectra (a different cutoff energy at 5 MeV is applied compared to 1 MeV for the dose calculations in Section 5) and 100-800 MeV range (case a) shown in red in Fig.10 . The squares stand for the results from the full spectra (f) while the circles represent those from case (a).
For deep space case, dose equivalents from (f) and (a) differ significantly, by as much as 2 orders of magnitude. Slightly bigger differences were recorded for dose rate ratios, as listed in Table 1 in the row "(ad)/(fd) ratio" where, e.g., the dose rate in deep space resulted from 100-800 MeV protons is only about 0.66% of the total dose rate (of protons larger than 1 MeV) for the Oct89 event. This ratio is even less (0.07%) for the Sep89 event where low-energy protons are up to a couple of magnitudes more abundant as shown in Fig. 3 . The table also shows the dose rates in case (b) where primary protons with energies from 15 to 1000 MeV are considered. Such ratios shown in the row "(bd)/(fd) ratio" become 9.03% and 1.60% for the Oct89 and Sep89 events respectively. These values are larger, mainly due to the contributions of low energy protons not considered in case (a).
For the Martian surface, the dose or dose equivalent rates do not depend significantly on the full primary spectra. As shown in Fig. 10 by the two historical events, the induced surface dose equivalents (x-axis) are very similar from the two different primary spectra (a) and (f). The values of dose rates for Martian surface scenario are also shown in Table 1 and the surface dose rate resulted from 100-800 MeV protons is about 93% of the total surface dose rate for both the Oct89 and Sep89 events listed in the row "(as)/(fs) ratio". Because of the atmospheric shielding, the contributions of 100-800 MeV protons dominate the SEP-induced environment on the surface of Mars, despite the fact that these protons contribute little to the free-space dose equivalent.
Typical human exposures [µSv] expected in daily life and defined in regulations for special cases are marked in the lower right and the upper left panels of Fig. 10 as a reference for possible potential biological effects of the SEPs studied here. For SEP events encountered in deep space without any additional shielding around, the accumulated dose equivalent for e.g., the Sep89 event after two hours would be 1.64 ×10 6 µSv, a value higher than the astronaut career limit 10 6 µSv. However this is an over estimation since at least the space suit shielding should be present for worse-case extravehicular activities (EVA). Since the current paper is mainly focused on consequences of the extreme events for the Martian surface case considering the Martian atmospheric shielding, we will not go into details discussing about the deep space scenarios. Interested readers are pointed to previous studies by e.g., ) who have carried out more detailed investigations of the dose and dose equivalent responses as a function of primary proton energies considering scenarios of EVA and within spacecraft shielding conditions.
On the surface of Mars, the dose equivalents induced by all studied events (which are significant events detected by SOHO/EPHIN over two decades) for the duration of two hours are below 10 4 µSv, a value well below the limit of radiation worker annual limits. Exposer to the Sep89 event for 2 hours would have an effect of approximately a head CT scan. These values are calculated for the surface of Mars at -4.4 km elevation (Gale Crater), where the atmospheric column depth averages about 22 g cm −2 . A habitat covered by ∼ 10 cm of Martian soil would provide important additional shielding against energetic particles reaching the surface. Alternatively, spacesuits would already provide a slight protection against low-energy particles. Detailed studies would involve further modeling of the shielding response function (by a similar matrix-set) of the spacesuit and shelter materials and will be carried out in our future work. Nevertheless, the current study has provided some benchmark and convenient formulas for estimating the Martian surface radiation environment induced by power-law shaped SEPs. The results highlight the need for future astronauts on the surface of Mars to receive space weather forecasts, and to carry alarming dosimeters (NASA 2014) so that they can seek an emergency shelter should a hard-spectrum event reach Mars. For better space weather forecasts and predicting the arrival of such hazardous events, we emphasize the importance of a space weather monitoring package including a particle detector to be embarked in all planetary and astronomical missions as a basic payload requirement.
